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EXPERIMENTAL INVESTIGATION ОЕ THE EFFECTS OF PLAN-FORM 
TAPER ON THE AERODYNAMIC CHARACTERISTICS OF 
SYMMETRICAL UNSWEPT WINGS OF 
VARYING ASPECT RATIO 


By Edwin C. Allen 
SUMMARY 


Ап investigation was made to determine the effects of plan-form 
taper on the aerodynamic characteristics of а series of symmetrical, 
unswept wings having thicknesses of 8-percent chord. The wings were 
tested in combination with four different bodies о? revolution over а 
Mach number range from 0.40 to 0.94 with а corresponding Reynolds number 
range from 2.58 million to 5.90 million. Тһе lift, drag, апа pitching- 
moment characteristics are presented for wings having aspect ratios of 
2, 3, and à and taper ratios of 0.20 to 1.00. 


The drag-divergence Mach number was unaffected by taper for & con- 
stant aspect ratio. The maximum lift-drag ratio increased when the 
taper ratio was reduced from 1.00 to either 0.50 or 0.20 for the aspect 
ratio 4 wings. 


INTRODUCTION 


A great number of data are available on the aerodynamic character- 
istics of tapered wings at high subsonic speeds; however, these data are 
difficult to correlate because of the differences in testing techniques 
used. It is the purpose of this investigation to provide comprehensive 
data on the effects of plan-form taper on the aerodynamic characteristics 
of a family of symmetrical, unswept wings. 


Nine wings, in all, were investigated, three aspect ratio 4 wings 
having taper ratios of 1.00, 0.50, and 0.20; three aspect ratio 3 wings 
having taper ratios of 1.00, 0.60, and 0.33; and three aspect ratio 2 
wings having taper ratios of 1.00, 0.11, and 0.50. The profiles of all 


im 
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wings were the МАСА 634008. Тһе wings were tested in combination with 
four different bodies of revolution to help differentiate between the 
effects of taper and wing-body interference. 


NOTATION 
b 
A aspect ratio, =— 
Съ drag coefficient, E 
b dra 
body drag coefficient, —298У Sag 
Cp, y gc icient, q5 
C lift coefficient, ttt 
Cn pitching-moment coefficient, referred to 0.25 с, 
pitching moment 
абе 
1. 
Dp lift-drag ratio 
M Mach number 
Mp Mach number of drag divergence, Mach number at which 
5 wing агеа, sq ft 
V airspeed, ft/sec | 
b wing span, ft 
e local wing chord, ft 
b/2 
р cfay 
С mean aerodynamic chord, "c c5 ft 
/2 
Је ay 
тё 
а dynamic pressure, 50Ү , 1р/ва ft 
y spanwise distance from plane of symmetry, ft 


с, angle of attack of wing reference plane, deg 


Щ PEL DAE аг 


МАСА RM A53C19 Иа ыы 3 
А taper ratio 

р &ir density, slugs per cubic foot 

ACg Cp minus minimum Съ 

аст 

mE Jlift-curve slope, рег deg 

аст 

--- pitehing-moment-curve slope 

аст, 


APPARATUS AND MODELS 


This investigation was conducted in the Ames 16-foot high-speed 
wind tunnel using 26 wing &nd body combinations. 


Three basic aspect ratio 4 unswept wings having taper ratios of 
1.00, 0.50, and 0.20 were constructed. These three wings utilized 
МАСА 63A008 sections and all had the same &reas and spans. Ву виссев- 
sively cutting off the tips, the following aspect ratios and taper ratios 


were obtained: 
hy 
3 
2 


The wing area varied not only with aspect ratio, but also with taper 
ratio for the aspect ratios 3 and 2 wings. 


The wings were tested in combination with four different bodies of 
revolution, three having a fineness ratio of 9 and one having a fineness 
ratio of 12, based on the length to closure. 


The equations for the body contours and the principal dimensions 
and plan forms of the wing-body combinations are shown in figure l. 


The models were supported оп a sting as shown in figure 2. Тһе 
sting was of constant diameter; 3.25 inches, for a distance of 18 inches 
downstream from the base of the bodies, then enlarging сопіса11у to а 
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diameter of 5.00 inches at a distance of 40 inches downstream from the 
base of the bodies. The aerodynamic forces and moments were measured Бу 
means of a strain-gage balance mounted within the bodies. 


TESTS AND PROCEDURE 


The aerodynamic characteristics of the bodies and the wing-body 
combinations were investigated over a Mach number range from 0.40 to 
0.94. Тһе variation of Reynolds number with Mach number for the various. 
wings is shown in figure 3. The angle-of-attack range was from -6° to 
18° except where buffeting, tunnel power limitations, or structural 
strength of ‘the model reduced the upper limit of the range. 


The test data have been reduced to standard NACA coefficient form 
and have not been corrected for base drag. Base pressures of the four - 
bodies were measured and are presented in coefficient form in table I. 

A base drag could be computed from the base areas of the bodies and the. 
difference between the measured base pressures and the free-stream static 
pressure. For the aspect ratio 4 wings on the small body (fineness 
ratio 9), this base drag coefficient would be 0.0007 at low lift coef- _ 
ficients and Mach numbers up to 0.92. Ж | == 

Constriction corrections were applied to the tunnel-empty calibra- 
tion according to the methods of reference 1. The data were corrected | 
for tunnel-wall effects in the manner described in reference 2. 


There was an interaction of the normal force and pitching moment 
on the chord-force component of the balance. Since this interaction did 
not vary systematically with Lift or pitching moment and was not always 
consistent, no correction could be properly applied. It is believed 
that such a correction would not have changed any of the drag coeffi- 
cients by more than +0.0010, and its main effect would have been to 
decrease slightly the rate of change of drag coefficient with lift coef- 
ficient. 


RESULTS AND DISCUSSION 


The lift, drag, апа pitching-moment characteristics of the wing- 
body combinations are presented in figures 4 through 13. 


The variation of drag coefficient with Mach number, measured at 


zero lift, is shown in figure 14. Тһе Mach numbers of drag divergence 
at zero lift (Mach numbers at which àcp/àM = 0.1) for the wings in 
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combination with the body having a fineness ratio of 12 are tabulated 
below: 


Aspect 
ratio 


n 
h 
А 
3 
3 
3 
2 
2 
2 


The drag-divergence Mach number can be seen to be essentially unchanged 
by taper for any one aspect ratio and was also found to be independent 
of the body geometry. With a reduction in aspect ratio, the Mach number 
of drag divergence was increased slightly. 


For all the aspect ratio 4 wings, taper had little effect on the 
minimum drag coefficient (fig. 14) below the drag-divergence Mach number, 
with the exception of the wings in combination with the body having 4 
fineness ratio of 12. Мо logical explanation could be found for the 
differences in the minimum-drag values of these combinations. Above the 
drag-divergence Mach number, decreasing the taper ratio caused а reduc- 
tion in minimum drag coefficient. For the wings of aspect ratios 3 or 
о, the apparent differences in minimum drag coefficient due to taper are 
mainiy due to the differences in wing are& relative to body size. The 
wing area not only varied with aspect ratio, but also varied with taper 
ratio for the wings of aspect ratios 3 and 2. If the body drag coef- 
Picients (fig. 15) are based on the respective wing areas and subtracted 
from the total drag coefficients for these wing-body combinations from 
figure 14, so as to give effectively the wing-plus-interference drag, 
it is found that the minimum drag coefficients are about the same for all 
taper ratios throughout the Mach number range. 


Figure 16 shows the variation of the drag-due-to-lift parameter 
(ACp/C 2) with Mach number over a lift-coefficient range from О to 0.45. 
Taper Had some effect on this parameter, but these effects followed no 
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consistent trend. This parameter increased with decreasing aspect ratio 
and was independent of body shape for any one aspect ratio. 


The variation of lift-curve slopes, at zero lift, with Mach number 
is shown in figure 17. For the aspect ratio № wings, the taper ratio 
0.20 wing had a lower value of lift-curve slope than either the taper 
ratio 1.00 or 0.50 wing up through a Mach number of 0.90. The lift- 
curve slopes of the taper ratio 1.00 and 0.50 wings did not vary system- 
atically with taper. The lift-curve slopes decreased with decreasing 
aspect ratio; however, for any one aspect ratio, body geometry had no 
арргесізріе effect on lift-curve slope. 


The variation of the lift-drag ratio with lift coefficient for the 
aspect ratio 4 wings in combination with the small body having a fine- 
ness ratio of 9 is shown in figure 18. The wings of taper ratios 0.50 
and 0.20 exhibit a higher maximum lift-drag ratio than the taper ratio 
1.00 wings for all the bodies in combination with the aspect ratio 
wings. The effect of reducing the taper ratio from 0.50 to 0.20 on the 
maximum lift-drag ratio was not consistent and of small magnitude. 
Maximum lift-drag ratios of the wings of aspect ratios 3 and 2 could not 
be justly compared because of the changes in wing area with taper for 
these aspect ratios. 


Figure 19 shows the variation of the pitching-moment-curve slope 
with Mach number at zero 117%. It should be noted that slopes are 
shown even for those cases in which the curves were nonlinear. At zero 
lift the effect of Mach number on the aerodynamic-center position was 
almost unchanged by variation in taper ratio for any aspect ratio, but 
the variation of serodynamic-center position. with Mach number was reduced 
by reducing the aspect ratio. 


CONCLUSIONS 


From the tests of several wings, in combination with four different 
bodies of revolution, the following conclusions can be drawn with regard 
to the effects of taper and aspect ratio: 


1. Effects of plan-form taper 


(a) The drag-divergence Mach number is essentially 
unchanged for any one aspect ratio. 


(b) The lift-curve slope did not vary systematically 
with taper ratio. 


(c) The effect of Mach number on the pitching-moment- 
curve віоре at zero lift is unchanged for any one 
aspect ratio. 
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(а) For the aspect ratio 4 wings the maximum lift- 
drag ratio increases when the taper ratio is decreased 
from 1.00 to either 0.50 or 0.20. ; 


2. Effects of aspect ratio 


The drag-divergence Mach rumber and the drag-due-to- 
lift parameter increase with decreasing aspect ratio; 
whereas, the lift-curve slope and the variation of 
aerodynamic-center position with Mach number decrease 
with decreasing aspect ratio. All these effects аге 
consistent with trends predicted by iheory. 


Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 
Moffett Field, Calif. 
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Шек С, ұға бы; 
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Bodies 
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Large body of 
Fineness ratio 9 
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Body of 
Fineness ratio /2 
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$та// body of 
Fineness ratio 9 


Cylindrical body 


МАСА 6340068 section 


А«4 
A= 100 
S= 500054 1 
д = 13.42 


fine 


59.24 36.62 29.12 


А« 4 
Ағ 050 
S= 500054 f? 
€ = /3.9/ 


| 
0 
| n 
| 


uu 


Leave 


S= 5200054" 
& = /5.40 


А = 3 

A= 100 

$ 57505017 
ё = /3.42 


д. 3 

A= 060 

S= 426757? 
Ён 146! | 


А» 3 
A= 033 


5“ 463059 fT 
Ех /6,15 


А = 2 

A= 1.00 

S= 2500591 
Č = 135.42 


А= 2 

A= Q7! 

S= 2266579? 
Е = 15.47 


Arg 

Ағ 050 

S= 5906597 
ё = [7.59 


Pee |+ 
ФН 
(+ + e 


All dimensions in inches except as noted. 


Figure l- Wing and body combinations tested. 
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Figure 2.- Two typical wings in combination with the body 
having & fineness ratio of 12. 


ры. o tt 
Е 


=! LESE 


NACA НМ А53С19 


/./ 


LO 


WOE 
М и 
РЕ АА 
ti tt SL 


2-0! X QM PR 


| Hi 


Mach = 


Figure 3.- The variation of test Reynolds number with Maeh 


number. 


МАСА RM А53С19 


аша я A LA Л 14 | AME 

шишиги ш шш ав ZB ав АНА А 

ШШШ. EP EP А ЕР LTA TAT TAT TT ty T N T 
иш КРАЯ УГУ Za Е А ЛА ПА ЗА НЕА ТА ВЕК В иш 
Г РЕЧ iat it ie 2 eC TL TL LLLLLLLLCLLLLS 
НЯ LU аравашашат аи. possede ps d О БЕ eee НЕКЕ 
НЕНА АЕ EEE EEE EEE 
ЖЕНЕ НЕР АСИЕТ П ДЕ ШЕ ШЙ Е ER С Е БЕ К ШИ ШЕПН ГІН ЕН БИ | 
-8 -4 0 4 а 12 Ғғ 20 Angle of attack, a, deg 


aor? 9 9 6 $ 6 6 0 0 6. 


for M of O40 60 к .80 .84 86 .88 .90 .92 .94 


© 
ЖИШШ СА ШЇ БЕ Н ШИ ИП БЕ ШШ Я УЕ ЙЕ В ШЙ ПЕ Л ИЙ ИЕ ШЕ ШИ ШИГЫ ИП А В [ШЫ ТЕ Е 
ниннннннинннннинининининанинчиинннш 
ПА ПОПА ПАД у а = сее 


.9 


оқ а о 


PASARA m "ЄЧ ЕЕН RE ааа ЕЕ 
к за ла ли или наивна IER BSNSERSREEER ШЕН 
PRs Pee NCR RNG PN pe 
oe БЕЧУ цае Минин 
CPT PS [S3 i р УК REE 
MEIIIZEEREEIZIL D NN 
.O4 % 08 JO 12 4 16 18 .20 Drag coefficient, Ср 


e coefficient, C, 


кыы 
for M of 040 О .80 .84 .86 .88 .90 .92 ,94 


ES EE 
АВ A a 


B БЕ Е БЕ oe ale EE Ін 
ЕЕ E 
6 up - 
Диви е 
TITA | ш 
2 ate a 
СІРІ - 
ІН 

ЊЕ 

E 

E 


«6 
08 .04 0 -04 -08 Aree етн coefficient, Ст 
Ст of g 4, E 
for Мог! 040 60 .7O 66 .88 .90 .92 .94 


(a) Taper ratio 1.00. 
Figure 4.- The lift, drag, and pitching-moment characteristics of the 


aspect ratio 4 wings in Cen as with the body having a fineness 
ratio of 22. 
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(b) Taper ratio 0.50. 
Figure 4- Continued. 
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Figure 4- Concluded. 
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(a) Taper ratio 1.00. 


Figure 5.- The lift, drag, and pitching-moment characteristics of the 


aspect ratio 4 wings in combination with the small body having a 
fineness ratio of 9. 
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(b) Taper ratio 0.50. 
Figure 5- Continued. 
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Figure 6.- Continued. 
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ҠАСА ВМ А53С19 


1.0 


ш 
ШЕНЕУ e a As ‘ari А 
ГГ PT let St ЈАТ iat 1А 
F P F РР ага ага 
РТТ ТЯ | 


ag КИЧЕ ПЕ Е Е БЕ Е 
-8 -4 2 4 8 2 /6 20 Angle of attack, a, deg 


aor? 9 4 b 6 9 $. 
for M of 040 О .80 .84 .86 .88 .90 .92 ,94 
ӘРЕ 


l, бі 


+ 


Lift coefficien 


О yr .O4 06 .08 JO 12 49 „6 „8 „20 Drag coefficient, Ср 


mob b од д % д Ө д 


for M of 040 .60 CO .84 .86 .98 .90 .92 .94 
A ПИ ВЕЗА О А ПЕШ ЕПА ГП ПЕН И ППИ ПАК АЕ И ПА ПБ АЕ ППБ el ТЕТЕ ЕЕЕ 
[БШ ЕНШЕ ЖЕШ ШЕ БЕ ӨП ЖЕШ ШЕ е lol 


~ 
4“ 


ЕЕ аА 


4 зала А А АУТА А 22 
Дени аг te Pe fa ас ак ML MINE NENEEEEEENEEERE ЧЕ; 


ТАГ ARABARRA EIT MEE 

СТА а 6 5 86 kN а В 

пази за зала: HUN зви шр a 

ШИШЕ ШЕ ШШ БИ БЕ В eros БЫН st dee spes 
жі EE НАСА 

ЕНЕМЕ 94 4 ШИЕ ШШШ ЛЕН ЕНІН ИИ ШШ НЕ ШЕН НЕН TRS- 

08 .04 О 404-08 Pitching-moment coefficient, Ст 

Ст of 2 
for МОГ 040 60 .70 .80 .84 .86 .88 .90 .92 .94 


(c) Taper ratio 0.50. 
Figure ll- Concluded. 


-.2 


4адреФорњого 


- m -ar hhm- am -- 


ТЕ 20 Di UTA 


3h | cam мит: МАСА RM A53C19 


|| è 
БЕШ ШЕ ШЕШ ШЕШ ПИ ШИ ЫШ ИНЕ И ИЕ БЕШ Е А В ШШ О А Е И ПЕ ШП 8 ШЇ EE 
6 Et a Fl ее 
08 .04 ó -04 p Pitehing-moment coefficient, Cm 
Ст of % 
for Мо! 040.60 20. .04 .86 .88 .90 .92 .94 


1, 6; 


[5-7 >— 


ЕЕ 
s ара Г 


Lift coefficien 


MEME NE SE 
_o LLP Sra E тиги ин 
С CUN. аза КЕГЕ 


О .02 .04 .06 + $ $ 44 16 „8 .20 Drag coefficient, Ср 
Co of © ДЕ x ра 0:9 9 
for M of 040 ‚84 | ја 90 .92 .94 


(ЖЕ ШЕШ ШЕ ЧЕ ЫЙ НЕ ШЕ БЕШ ШШ ШЕ ШЇ ШЙ ШЕ ДЕ dee eh ЕС 
МИННМБНИНЖИНБЕНИ ШШЕ ИШ ЕШ tT. 
‚08 .04 0 -04-08 Pitching-moment coefficient, Ст 
бт оғ $ 
for Мог 040 60 .70'.80 .84 .86 .88 .90 .92 .94 


(a) Taper ratio 100. 
Figure /2- The lift, drag, and pitching-moment characteristics of the 


aspect ғано 2 wings іп combination with the large body having a 
fineness ratio of 9. | - 


НАСА ВМ A53C19 


d | К 9 — 
ШР аак a^ AVAL A A A ЕЕЕЕЕЕЕНЕЕЕЕНЕ 
БИР ЖЕР ETE су јој Ја] It | i | | | | tT tT ET TT 
Я Fu | | | || T T 


ВАР Је (et БА Д Д Е Д БИ ТЕБЕ ПА ВБ Пе 
ШІ, FL wi I LLL.LLLLLLLLLLLL 


а -4 о 4 8 [2 16 £0 Angle of attack,a, deg 


aof Q Q 9 Q 9 9 


for M of 040 .60 L^ .80 .84 66 .88 GO .92 < 


г, бі, 
% 


Lift coefficien 
о hb A 9 


О 02 04 06 08.0 12 4 .в 48 .20 Drag coefficient, Ср 


woh b ЖАЖА 


for M of 0.40.60 .70 .50 .84 .86 .88 .90 .92 .94 
Ди е р а +++ 


о ШЕ % Ч E Рај f m Pol ЊЕ SL ЕУ | О О НИ ВО НИ И 
IITA ЕТЕ I Аа Аа 1 О У 44440 
ЗЕН А | WILL SIX Si si SL ФЕД 
РРА Та eae 1 s. 15... er E ET 
ПО Е Е В REA А Е Е IR AAA Tm 


Ароэооһьопо 


6 
2 .04 О -04 -08 Pitching-moment coefficient, Cm 
Ст оғ KA 4, 

for МОГ 040 «0 .70 .60 .84 .86 .88 .90 .92 .94 


(b) Taper ratio 0.50. 
Figure 12- Concluded. 
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Figure l4- The variation of drag coefficient, at zero lift, with 
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(b) Aspect ratio 3. 
Figure /4- Continued. 
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Figure /6.- Continued. 
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Figure 16- Concluded. 
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(a) Aspect ratio 4. 
Figure 17- The variation of lift-curve slope, at zero lift, with Mach 
number for the wing-body combinations. 
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(b) Aspect ratio 3. 
Figure /7.- Continued. 
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Figure IF- Concluded. 
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(a) Taper ratio 4.00. 


Figure 18.- The variation of lift-drog ratio with lift coefficient оѓ? 
ation with the small body having a fineness ratio of 9. 
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(b) Taper ratio 0.50. 
Figure 18.- Continued. 
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(b) Aspect ratio 3. 
Figure /9.- Continued. 
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(с) Aspect ratio 2. 
Figure /9.- Concluded. 


. 
а E | Би 


NACA-Langley - 5-29-53 - 300 


53 


